In recent years, ultrafast laser systems using large-mode-area fiber amplifiers delivering several hundreds of watts of average power has attracted significant academic and industrial interest. These amplifiers can generate hundreds of kilowatts to megawatts of peak power using direct amplification and multi-gigawatts of peak power using pulse stretching techniques. These amplifiers are enabled by advancements in Photonic Crystal Fiber (PCF) design and manufacturing technology. In this paper, we will give a short overview of state-of-the-art PCF amplifiers and describe the performance in ultrafast ps laser systems.
Introduction
The development of advanced ytterbium-doped Photonic Crystal Fiber (PCF) amplifiers has fuelled the rapid progress in high power ultrafast fiber lasers [1] , and the upper limit of obtainable pulse energy, peak power and/or average power, combined with sufficient laser linewidth, beam quality and efficiency has continuously been pushed [2, 3] . The fundamental challenge for ultrafast fiber amplifiers is nonlinear effects, such as Self-Phase Modulation (SPM), Stimulated Brillouin Scattering (SBS), Stimulated Raman Scattering (SRS) and Transverse Mode Instability (TMI) [4] .
The traditional nonlinear effects such as SPM, SBS and SRS are relatively well-known effects, which are related to peak power, pulse width and linewidth of the laser pulses. These nonlinear effects can be detrimental to an ultrafast system, but the impact can be significantly reduced with appropriate system design [5, 6] and/or optimizing the fiber design. The current approach towards mitigating nonlinear effects in fiber amplifiers is to increase the effective mode area of the fiber and/or increasing the pump absorption, thereby reducing the required fiber length. Mitigating SBS has also been pursued by acoustically tailoring the core of the fiber, thereby effectively broadening the Brillouin gain, which increases the SBS threshold particularly for narrow linewidth systems [7, 8] .
TMI is a relatively new nonlinear effect, which is not dependent on peak power, but dependent on average power. The TMI manifests as a sudden onset of beam instabilities i.e., a (semi-)chaotic coupling between fundamental and Higher Order Modes (HOMs) on a millisecond timescale [4, [9] [10] [11] [12] . This process is mainly thermally driven by the interference between different transversal modes in the amplifier, and particular Large Mode Area (LMA) fibers suffer from this, since the quantum defect driven thermo-optic effect in the core tend to cause a single-mode waveguide structure to support few modes at high average power due to a thermal lensing effect [13] . The relevant design parameters for increasing TMI threshold is to have highly core-delocalized HOMs (single-mode core) for as high thermal loads as possible, reduce the impact of the thermo-optic effect, which means reducing the core size and/or reducing the pump absorption and/or reducing the quantum defect by inband pumping schemes and/or reducing the thermo-optic effect of the material [11] .
Therefore, the traditional design parameters for increasing thresholds of classical nonlinear effects (larger core, higher pump absorption etc) are in contrast to those needed for increasing TMI threshold. There exist therefore a design trade-off between obtainable peak power and average power in current LMA fiber technology.
Nonetheless, ultrafast fiber laser systems using LMA fiber amplifiers delivering hundreds of watts in average power has attracted significant academic and industrial interest in recent years. These amplifiers can generate megawatts of peak power [14, 15] and hundreds of watts in average power [16] [17] [18] using direct amplification and multi-gigawatts of peak power using chirped pulse amplification (CPA) [2, 19] or combined with divided pulse amplification [20] . Recently, more than 500 W and 1.6 mJ from a CPA femtosecond system was demonstrated by coherent beam combining 4 individual femtosecond fiber amplifiers [21] .
Several types of fiber designs have been proposed to push the limits with respect to average power, peak power and/or pulse energy. Conventional ytterbiumdoped air/silica hexagonal designed PCFs have been demonstrated with core diameters from 40 μm to 100 μm having pump absorption (at 976 nm) from 10 dB/m to more than 30 dB/m [22] . Air/silica so-called large-pitch fibers (LPFs) has pushed core diameters to 135 μm [2] with an impressive 105 μm MFD and hybrid approaches, combining TIR and PBG, has demonstrated ytterbiumdoped single-mode cores up to 85 μm diameter [23] with more than 20 dB suppression of HOMs in an only 90 cm long straight ROD fiber [24] . Whereas de-localization of higher-order modes is adjusted by trimming the air hole diameter of the cladding structure in conventional PCF structures, LPFs obtain this by accurate refractive index tailoring of the core material combined with an appropriate structured cladding [25] .
Other approaches include leaky-channel designs [26] and chirally-coupled core fibers [27] , where an active step index fiber core is surrounded by a number of passive cores that spirals around the center core. The side cores are matched to the supported HOMs of the center core and the longitudinal spiraling couples the HOM content away from the core. Furthermore, significant work has also been done with HOM fibers [28] , where operation is not performed in the fundamental mode of the fiber, but in a specific HOM and long period gratings are used to couple light between the FM and HOM of the fiber [29] .
In this paper, we will describe the design and performance of state-of-the-art of ytterbium-doped flexible PCF amplifiers and PCF ROD fiber amplifiers. We will describe how the unique dispersion properties of PCFs are utilized to form a compact 40 μm single-mode single-polarization fiber amplifier, and also how mode dispersion and index uniformity is controlled in a single-mode 85 μm core ROD fiber amplifier, both amplifiers delivering > 300 W of output power with high optical efficiency and diffraction limited beam quality.
PCF LMA vs. step-index LMA fiber technology for ultrafast systems
Reducing the impact of nonlinear effects is of high importance in ultrafast lasers, and they are traditionally met by increasing the core size, to reduce the intensity in the core, but also increasing the pump absorption and thereby reduce the nonlinear interaction length. When the core size is increased, the numerical aperture of the core needs to be reduced in order to keep the fiber single-mode. However, there is a practical lower limit to the NA and index precision of MCVD type cores, and scaling the core diameter beyond ~15 μm and maintaining single-mode is challenging due to requirements to reproducibility and uniformity. Instead, LMA step-index fibers are mostly produced with multimode cores, where the beam quality is controlled by careful mode-matching of the input seed and/or appropriate coiling which helps leak any excited HOMs [30] . This approach is feasible to a certain level, but often a penalty has to be paid such as reduced beam quality, beam instability, reduced polarization extinction ratio (PER) and coiling induced mode compression, which reduces the effective mode area in the fiber and thereby also increasing the impact of nonlinear effects [31] . PCF cores offer much higher precision and uniformity of the refractive index. This allows manufacturing of cores with very low NA and even "negative" NA (i.e., smaller refractive index compared to the cladding background index). Combined with careful microstructured cladding structures, manufacturing of single-mode fibers with core diameters from 10 μm to > 100 μm is possible. Furthermore, by careful design of the dispersion of the cladding even single-polarization LMA fibers can be manufactured and also form-factor reducing designs are possible [32] .
The pump absorption in double-clad fiber is mainly determined by the core composition and by the core to cladding area ratio, which means that high absorption fibers need a small pump cladding. This should have a relative large numerical aperture to accept low-brightness pump light from pump diodes or bars. In conventional step-index LMA fiber technology, the pump cladding is formed by a low-index polymer cladding deposited on the outside of the fiber.
This has the impact, that the pump absorption is reduced as the fiber is made thicker, and the nonlinear thresholds are therefore decreased as the fiber is made more rigid.
If the fiber core diameter is increased, the effective mode spacing in the fiber is reduced and the fiber becomes more susceptible to microbend loss i.e., microscopic variations along the length of the fiber, which can cause the fiber to be unstable and sensitive to small perturbations. This is usually solved by making the fiber more rigid, and stable large-core fibers requires a rather rigid fiber structure. In conventional step-index designs having lowindex polymer claddings, this rigid requirement is in strong contrast to having a small pump cladding (and thereby a small outer diameter). However, in PCF designs, the pump cladding is often formed by a ring of airholes (an air cladding) surrounding the core and cladding of the fiber. This air cladding can be positioned almost arbitrarily within the fiber structure and most importantly, independent of the actual outer diameter of the fiber. The rigidity of the fiber is therefore no longer coupled to the pump absorption, whereas larger stable cores can more easily be realized.
PCF flexible fiber amplifier technology
Fiber amplifiers for ultrafast high power fiber lasers often require large core designs in order to suppress nonlinear effects. With increasing core diameters, LMA fibers often become multimoded and performance suffer from beam instability, reduced polarization purity, and/or reduced beam quality. However, PCF technology offer significant progress in many of those performance parameters, in the following, this is exemplified with theoretical and experimental results for the flexible fiber amplifier DC-200/40-Pz-Yb, -manufactured by NKT Photonics. Figure 1 shows an optical micrograph of the crossection of the fiber. The 40 µm diameter Yb-doped indexneutral core is surrounded by airholes and stress applying parts. The core supports one fundamental mode with an effective area of ~750 μm 2 . The 200 µm double cladding (DC) structure is formed by a ring of larger air-holes, and is acting as a high NA pump-cladding (Typical NA > 0.55). The outer diameter is ~450 µm, which effectively reduces microbend loss.
As discussed above, native single-mode properties are advantageous for fiber amplifier due to diffraction limited beam quality and high beam stability. Further, when the fiber is single-mode, there is no need for careful mode matching of the seed input. In order to achieve single mode behavior in large core fiber amplifiers, the core NA has to be reduced, which becomes increasingly cumbersome in step-index fibers with core diameter > 15 µm, since the required small index differences between coreand cladding are difficult to manufacture. On the other hand, in PCFs, a low NA can be obtained by reducing the Figure 1 Optical micrograph of the DC-200/40-PZ-Yb fiber, consisting of a 40 µm diameter Yb-doped index-neutral core, 200 µm pump cladding, and large stress applying parts that create a polarizing waveguide structure i.e., only one transversal mode with one polarization can propagate. The outer diameter is ~450 µm, which effectively reduces microbend loss. diameter of the cladding holes, which can be controlled very precisely.
Due to careful design of the core refractive index as well as the cladding structure, the DC-200/40-Pz-Yb fiber is single-mode for wavelengths around 1 μm. The single mode cutoff wavelength is defined by a crossing of the effective mode index of the LP11 mode and the first cladding mode (FCM). At this crossing, the LP11 couples from the core to the cladding, and the remaining core mode is the fundamental mode LP01. Figure 2 shows the simulated effective mode indices as function of wavelength for the fundamental mode, higher-order mode and first cladding mode in the DC-200/40-Pz-Yb fiber.
The design exhibits a short wavelength cutoff, i.e., the fiber is single mode on the blue wavelength side of the cutoff. This mechanism is attributed to the core and cladding design, and this is different from step-index fibers, where a fiber is single-mode on the red wavelength side of a cutoff. The cutoff wavelength in the simulated fiber of Figure 2 is ~1100 nm, enabling single-mode operation at wavelengths below 1100 nm. Increasing or decreasing the hole size results in a blue-or red-shifting, respectively, of the cutoff wavelength.
Experimentally, the modal content of the fiber was investigated using Spatial and Spectral imaging (S 2 ) [33] . Being an interferometric method, S 2 is very sensitive and can characterize multiple HOMs simultaneously from LMA fibers where conventional M 2 or cut-off measurements fail. The analysis of HOM content of the fiber with various launching and coiling configuration revealed a HOM suppression of more than 24 dB for a coil diameter of 28 cm [34] . Following the guidelines of the single-mode fiber standard [35] , which requires a HOM suppression of > 19.3 dB for a single-mode fiber, the DC-200/40-PZ-Yb fiber has higher HOM suppression than required and is therefore a single-mode fiber. Figure 3 shows the HOM suppression for three different coupling conditions. The values were obtained as an average over 5 measurements for each coupling condition. Using the optimum coupling condition, the LP11 mode is relatively weak with an average HOM suppression of -32.7 dB. When offsetting the input beam, one lobe of the LP11 mode overlaps with the input beam and is excited. Depending on the off-setting direction, different mode symmetries of the LP11 mode can be excited.
Being a single-mode fiber, the fiber provides excellent beam quality. Figure 4 shows a typical M 2 measurement. Fitting the formula for nearly Gaussian beams to the measured data reveals an M 2 value of < 1.15. This result was obtained by using a signal input splice to the DC-200/40-Pz-Yb fiber. The signal fiber was a step-index fiber having a mode field diameter of only 15 μm i.e., much smaller effective mode area than the DC-200/40-PzYb fiber, and demonstrates that diffraction limited beam quality can easily be obtained even without careful modematching of the input signal.
The large stress applying parts as shown in Figure 1 creates a polarizing waveguide structure and only one transversal mode with one polarization can propagate. The induced birefringence in the core leads to a higher refractive index component in direction of the plane of the stress elements (slow axis/x-direction) than in the direction perpendicular to the stress element plane (fast axis/y-direction). The core NA for the slow axis mode is therefore higher than the NA for the fast axis mode, resulting in a spectral band where only the slow axis mode is guided.
A transmission scan for the two polarization directions is shown in Figure 5 . While the slow-axis is well guided down to < 1000 nm, the fast axis is highly attenuated for wavelengths below 1200 nm. This behavior significantly reduces polarization crosstalk and yields a very stable polarized output beam. Furthermore, the fiber can be bent to coil diameters below 25 cm without notable losses, as shown in Figure 6 . This enables a compact amplifier design with small form factor. Due to the precision in the manufacturing process, DC-200/40-Pz-Yb based amplifiers deliver very uniform performance. To illustrate this, Figure 7 shows the output power of 8 amplifiers during a 24 h burn-in period. The amplifiers are operated in constant current mode and are counter-pumped using free-space optics through a highpower SMA-905 connector. A single-mode step-index fiber is spliced to the signal input end and the input splice is equipped with mode-stripper and packaged to facilitate thermal management. All amplifiers show very high uniformity on all measureable performance parameters such as beam quality, PER and, efficiency. The polarizing fiber structure yields a strong attenuation for the y-polarization for wavelengths < 1200 nm, while the x-polarization is well guided down to < 1000 nm. In an experiment to test the high-power handling capabilities of the DC-200/40-Pz-Yb fiber, up to 700 W of pump was coupled into a 2.3 m fiber. Figure 8 shows the output power vs. pump power for 10 W seed coupled in a counter-pumped configuration and quasi continuouswave operation regime. More than 500 W output was obtained for 700 W pump power. The optical to optical efficiency is between 65% and 75%, and the fiber showed no sign of TMI up to ~300 W output power, where small beam fluctuations started to appear.
In another experiment, the DC-200/40-Pz-Yb fiber was tested for long term stability at an output power of ~55 W. Figure 9 shows the output power during a time span of 860 days, where output power level was stable and only little power loss was observed due to photo darkening. Several component failures (diodes, isolators, computer etc) were observed during the period. Typical polarization extinction ratio is 15-20 dB at high power operation.
Monolithic PCF amplifiers
An all-fiber turn-key laser solution is critical for reliable and compact high power systems in many industrial applications. A fused fiber combiner capable of handling kilowatts of pumps power is a critical component for achieving monolithic systems for high-power ultrafast lasers. A typical combiner contains a single-mode signal fiber surrounded by multimode pump fibers, all bundled and tapered down to match the diameter and NA of the active fiber as shown in Figure 10 . This configuration has the disadvantage that the core diameter of the signal fiber is significantly reduced in the tapering process, resulting in a signal loss. In order to reduce the signal loss, an improved pump/signal combiner for large mode area PCFs has been developed [36] . The component combines six 400/440 µm 0.22 NA pump fibers and a 25/440 µm PM single-mode signal fiber into the active fiber. The combiner preserves the core diameter through the taper, resulting in a great reduction of signal loss. The amplifier in [36] has been constructed by integrating 20 pump bars and coupling these into three of the pump fibers with up to 80% coupling efficiency.
The seed source was constructed by pumping 20 m of 20/400 µm Yb-doped LMA fiber at 915 nm and feeding the 75 W of output power at 1085 nm into the signal port of the combiner. The two remaining 915 nm ports were also coupled to the pump combiner. A schematic of the amplifier is shown in Figure 11 . Up to 976 W was achieved with a slope efficiency of 75% using this configuration.
Power scaling in narrow linewidth high power amplifiers
Power scaling of narrow linewidth system is limited by nonlinear effects -primarily by the onset of SBS. Several measures can be taken to increase the SBS threshold of the amplifier. The nonlinearity is proportional to the length of the fiber and inversely proportional to the core size, thus increasing both the core size and the pump absorption will improve the fiber with respect to SBS. Furthermore, the SBS threshold can be increased by reducing the Brillouin gain in the fiber. Typically, a large core PCF consists of seven elements with uniform doping causing both the optical and the acoustic index of the refraction in the core to be preserved. Whereas the optical index determines the mode properties, the acoustic index determines the SBS gain of the core, and with seven uniformly doped elements the SBS wave will be amplified to a maximum. In order to circumvent this amplification, the core can be built up of elements with different acoustic velocities resulting in a reduction in SBS gain. The acoustic indices can be manipulated by co-doping each element with different concentrations of e.g., Ge or Al while maintaining the same Yb-concentration [7, 8] .
In addition to the power limitations caused by SBS, thermal effects are seen to impose a limit to the beam quality and pointing stability at very high power levels.
In [8] a fiber has been designed which employs both acoustic and preferential gain tailoring of the core. The fiber core is shown in Figure 12 . Preferential gain tailoring is achieved by replacing three of the core elements with silica such that the overall pump absorption in the outer region of the core is reduced. An additional acoustic region is achieved by ensuring that the central Yb-doped element has a different co-doping composition compared to the outer elements. It is, however, essential for the mode quality that the index of refraction is kept uniform across the whole core. Figure 13 shows how a Brillouin shift of more than 200 MHz can be achieved by varying the concentration of the co-dopants. This fiber was used to amplify a single-frequency signal with a linewidth of 300 MHz to approximately 990 W with a slope efficiency of 73% with no sign of modal instabilities and with M 2 < 1.3.
PCF ROD fiber technology
Rod type fibers are so-called very large mode area (VLMA) fibers, with core diameter from 50 μm all up to 135 μm. These fibers are sensitive to bending, which compresses the mode area and can give loss. Therefore, ROD type fibers are manufactured with an outer diameter from around 1 mm to 2 mm to provide rigidity, hence ROD fibers are operated in straight configurations of typical lengths between 30 cm and 100 cm. Several types of fiber designs have been suggested to push the effective mode area and the obtainable average power, while maintaining diffraction limited beam quality and good optical efficiency. ROD fibers are often designed with small pump claddings of about 200-300 μm diameter to ensure high pump absorption and high conversion efficiency.
High power extraction of 100s of W/m from rod fibers has recently been demonstrated using a 1.2 m large-pitch fiber (LPF) and a 1.0 m distributed mode filtering fiber (DMF) [16, 17] having similar mode field diameters. As mentioned previously, the LPF design achieves delocalization of HOMs using precise index tailoring of the core, where the DMF design is based on a hollow resonant cladding structure that enables filtering or delocalization of HOMs from the core within a well-defined wavelength region.
The DMF rod fiber design is shown on Figure 14 . This is a hybrid fiber design utilizing both total internal reflection (TIR) and the photonic band gap (PBG) principles [23] . The core is formed by 19 ytterbium doped cells, and the hybrid cladding is formed by air holes arranged in a triangular lattice with a number of hollow high-index Germanium-doped silica rings (DMF elements) placed in a kagome-type structure. The air holes confine light by TIR and the DMF elements form a band of coupled cladding states, which are in-resonance with the FM at a first wavelength region and in-resonance with the HOMs at a second wavelength region, whereas the FM is well guided and the rod is single-mode in the second wavelength region. An air cladding surrounds the inner cladding, enabling high pump absorption of 20-30 dB/m. The resonance wavelength is determined by the width of the Germanium rings, which can be controlled during fiber draw process by inflating or deflating the air holes. This allows fine spectral control of the SM region, and enables positioning of the HOM resonance, and thereby HOM suppression, around the gain peak of ytterbium-doped rod fibers (~1030-1040 nm) where the rod only supports one guided spatial mode. Figure 15 shows simulated modal overlaps of the FM (A) and LP11 type HOMs (B-E) from 1020 to 1100 nm wavelength. From 1035 nm to 1055 nm, the FM has high overlap (80-93%) with the core, which allows for efficient FM amplification, and the HOMs has very low core overlap of ~35%. This low overlap allows for efficient mode scrambling of the HOMs and thereby efficient HOM suppression [37, 38] . The HOM suppression in passive operation has been measured with a technique called cross-correlated (C 2 ) imaging [39] , which is especially feasible for this type of fibers because the HOM suppression can be resolved with a relatively narrow light source of only 5-10 nm. This allows resolving HOM suppression by correlating the weighted power of the guided modes by a reference mode in a reference fiber. Using C 2 imaging, the HOM suppression within the HOM resonance band was measured to > 20 dB on a straight 90 cm long 85 μm core ROD fiber [24] . Comparing this to standard SMF28 fibers at the cutoff wavelength, where HOMs are only suppressed by ~19 dB on a 2 m coiled sample [35] , the DMF structure is very efficient in suppressing HOMs.
At high average power operation, the core of the rod fiber heats up due to the quantum defect from the active core. Quantum defect heating yields a small refractive index increment via the thermo-optic effect in silica, and handling this effect becomes important for extremely low NA rod fibers because it modifies the guiding mechanisms [38, 40] . A heat load Q is generated in the core resulting in a temperature profile that is parabolic across the core and decays logarithmic outside the core [41] . The temperature profile adds a refractive index profile on top of the transverse fiber structure from the thermo-optic effect, see illustration in Figure 16 .
In order to assess the effects of quantum defect heat generation on the SM regime of ROD fibers (in general), different design approaches have been compared through simulations [38, 42] . The DMF rod fiber is compared to a standard PCF with a 19 cell core, and a Step-Index-Fiber (SIF) with equal core area and aircladding as the DMF fiber. The SIF has a V-parameter of 2.40 and requires an unrealistic index step between core and cladding to be produced, thus it is a purely theoretical SM SIF. The cross sections of the DMF, PCF and SIF are illustrated Figure 16 Quantum defect heating results in a refractive index perturbation that changes the guiding mechanisms as the rod fiber is operated at high average output power.
in Figure 17 . Essentially, the DMF rod fiber is a PCF with added DMF elements, and therefore is expected to have properties similar to the PCF outside spectral resonance regions. Within the spectrally resonance regions the DMF rod fiber has SM properties and thus resembles a theoretical SM SIF. The spectral location of the SM region depends on relative small index steps in the structure, and reproducibility demands high precision on allowable index variations as well as feature structures. Small perturbations in the core refractive index will red-or blue-shift the spectral location of the SM region [17, 37] . Rod fiber are typically very low NA fibers and considerations of performance at high output power must be engineered into the design. The DMF rod fiber has proven robust to thermal load perturbations [38] , since quantum defect heating is a nonlocal effect, which also affects the cladding structure and thereby the DMF elements. As the refractive index of the core increases the refractive index of the DMF elements also increases allowing the resonant mechanism to follow the core heating, which means that the DMF rod fiber experience superior HOM suppression at high average power compare to standard PCF rod fibers, and only a small blue shift of the SM region is observed even at high average output power [17] . The SM properties of the DMF rod fiber is compared to a theoretical SM SIF for increasing thermal loads in W/m in Figure 17(A) , by considering the core overlap of the FM and first HOM. The DMF rod fiber and SIF have equal active core area and aircladding dimensions, and the SIF's refractive indices are chosen to yield a V-parameter of 2.40, thus it is strictly SM in the cold case. In Figure 17 (B) the DMF rod fiber is simulated to be operated in the SM region at 1040 nm. The DMF rod fiber has superior properties compared to the SIF with a slightly larger FM core overlap and a significant higher suppression of HOM due to the resonant cladding structure until a thermal load of ~40 W/m, where the HOM becomes confined to the core, and is no longer in resonance with the DMF elements. A thermal load of 40 W/m corresponds approximately to an output power of 300-350 W.
The quantum defect driven heating of the core yields higher mode confinement as the fiber is operated at higher average power. Figure 18 shows simulated mode profiles for the DMF rod fiber with average output power from 0 W and up to 350 W [38] . The HOM becomes guided as the rod fiber is operated at higher output power. The FM is well guided for all average output power levels with a slight decrease in MFD with increasing output power. The MFD vs. thermal load for the DMF rod fiber is compared to a standard PCF with similar structure, but without the DMF elements in the cladding and to the SM SIF in Figure 17 (B). The cold DMF rod fiber has a FM MFD comparable to the SM SIF. For high thermal loads the FM MFD approaches the one of a standard PCF. Experimentally a significant decrease in MFD with increasing output power has been observed for LPF-and PCF-type rod fibers [40] , which makes it important to engineer rod fiber designs to be operated at high average output powers.
High power amplifiers using ROD fibers
To demonstrate the amplifier performance of the DMF ROD fibers, we used a 25 ps mode-locked linearly polarized seed source with 4-40 MHz repetition rate and center wavelength of 1032 nm. The seed was amplified to between 5 and 15 W with ~20 dB PER in a 2 m long counter-pumped DC-200/40-Pz-Yb fiber. The 10 dB spectral width of the seed was 700 pm. The seed was used as input signal to the ROD fibers, which were all between 80 cm and 100 cm long and equipped with 5 mm AR coated endcaps. The ROD fiber was counter-pumped pump with a highpower pump module delivering up to 600 W at 976 nm and both the signal and the pump light were single-passed through the rod fiber. A schematic of the setup is shown on Figure 19 . Figure 20 (A) shows the average output power as function of pump power for an 80 cm long rod, and shows that about 100 W of output power is achieved for 150 W of coupled pump light. The pump used in this experiment was not wavelength locked to 976 nm at low power levels, but locked at 976 nm at higher power levels. This impacted the efficiency at low power, but at 150 W pump, the efficiency increased to ~67%, as shown on Figure 20 (B). The efficiency is not measured as function of absorbed power but as function of coupled pump power, and demonstrates high conversion efficiency at high average power operation. In this experiment the repetition rate was 40 MHz and at 100 W output power, the peak power was 100 kW. The laser system was running continuously for > 100 h and the beam quality and PER was monitored to exclude any photodarkening effect on the optical mode and the polarization. Figure 21 shows the M 2 and the PER monitored over 100 h, and show no sign of degradation. Figure 22 shows the output power over a 250 h period, and shows an initial power decay during the first 40-50 h, which is attributed to photo darkening, but after 50 h of operation the output power saturates and shows only very small sign of power degradation, which can easily be compensated in modern power-locked laser systems. This experiment demonstrates that the ROD fibers deliver very high and stable performance at both high average power and high peak power.
In a second experiment, a pulse picker was used to reduce the pulse repetition rate to 4 MHz and the system was operated at an average output power of 75 W, corresponding to a peak power of 750 kW. The system was running continuously for > 500 h and showed no signs of beam quality or PER degradation. This experiment also validated the performance and reliability of ROD fibers in high-peak power operation.
In a third experiment, we used a 1.00 m long rod and operated the rod up to ~310 W of output power with a peak power of about 300 kW. Above 310 W average power, we observed the onset of TMI. Above 250 W output power, the optical conversion efficiency was as high as 69%.
Overall, VLMA ROD fibers show excellent conversion efficiency, diffraction limited beam quality and high PER of typical > 15 dB. These fibers can deliver high average power of ~300 W with an optical gain of > 13 dB, having diffraction limited beam quality, and simultaneously delivering hundreds of kW in peak power, potentially several MW of peak power. Continuous operation for many hundreds of hours have been performed and neither the beam quality nor the PER shows any signs of degradation. The rods exhibit initial power degradation due to photodarkening, but the output power saturates quickly where after negligible degradation is observed
Conclusion
Photonic crystal fiber technology for large-mode area fiber amplifiers delivers state-of-the-art performance in ultrafast laser systems (fs, ps, and ns systems). Both flexible fiber designs and ROD fiber designs can be manufactured with single-mode properties, large effective mode area, high conversion efficiency and deliver unprecedented spatial and spectral brightness with high polarization purity. Various laser system tests show very high degree of uniformity, performance and reliability, both with respect to power, beam quality and polarization purity. The fibers/ rod are manufactured with features such as coil control, which enables ease of use, and the single-mode and/or single-polarization property enables much less critical requirements to input signal matching, which increases performance uniformity. 
